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New hybrid inorganic–organic proton conducting membranes containing a ZrTa nanofiller dispersed in a
Nafion1 matrix are described. The ZrTa nanofiller exhibits a ‘‘core–shell’’ morphology, where the harder
ZrO2 forms the ‘‘core’’, which is covered by a ‘‘shell’’ of the softer Ta2O5. The hybrid membranes are
thermally stable up to 170 uC. Interactions between the polymer matrix and the nanofiller increase the
thermal stability of both the –SO3H groups and the fluorocarbon polymer backbone. In comparison with
Nafion, the hybrid membranes have a lower water uptake (W.U.) that depends on the concentration of
nanofiller. The residual water, which is approximately 4 wt%, is likely located at the Nafion–nanofiller
interface. Infrared results indicate that the nanofiller does not neutralize all of the R–SO3H groups in the
hybrid membrane and the small amount of residual water in the material does not cause the dissociation
of the R–SO3H protons. Fuel cell tests show that the maximum power density yielded by the membrane
electrode assembly (MEA) containing the hybrid membrane is better than that of the MEA containing
Nafion, particularly at low values of relative humidity. The hybrid membranes require much less water to
conduct protons effectively and are more efficient at retaining water than Nafion at low water activities.
Introduction
One of the most interesting routes to obtain promising
electrolytes for application in proton exchange membrane
fuel cells (PEMFCs) involves the preparation of nanocomposite
membranes based on Nafion1 and micrometer to nanometer
sized fillers, in the context of increasing interest attracted by
nanocomposite materials for application in sustainable
energy.1–21 Improved properties can often be achieved in such
Nafion-based nanocomposites through interactions between
components, allowing increased performance in the applica-
tion under varying temperature and humidification condi-
tions.
A wide variety of such composites have been prepared and
studied. Nafion membranes doped with heteropolyacids, such
as phosphotungstic acid, allowed the design of PEMFCs with
high performances at low relative humidity (RH) and elevated
temperature (ca. 120 uC). Membranes doped with hygroscopic
oxides, such as SiO2, TiO2, ZrO2, Al2O3 and others, were
proposed with the intention of increasing the water uptake of
the membranes and decreasing the humidification require-
ments of the PEMFCs.1–8 [Nafion/(SiO2)x] nanocomposite
membranes exhibited the presence of four different water
domains.22 The silica inorganic filler affects the dynamic
relaxations of Nafion and consequently the conductivity of the
membrane.22 The formation of dynamic SiO2…HSO3– cross-
links in the hydrophilic polar clusters, as indicated by the
increase in the elastic modulus, influences the chain dynamics
of the hydrophobic fluorocarbon domains of the host
material.22 Other studies were performed on [Nafion/(MxOy)n]
membranes containing 5 wt% Ti, Zr, Hf, Ta and W oxides.23,24
These studies indicated that: a) the amount of each of the four
water domains detected in the bulk membranes depends on
the acidity of MxOy oxocluster; b) the thermal, mechanical and
electrical stability of the Nafion1 host polymer depends on the
concentration of dynamic R–SO3H…MxOy…HSO3–R cross-links
in bulk material; and c) the concentration and strength of the
dynamic R–SO3H…MxOy…HSO3–R cross-links occurring inside
polar hydrophilic cages of the membranes increase along
group IV and decrease along period VI of the periodic table. Of
these simple metal oxide doped membranes, [Nafion/(HfO2)n]
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exhibits very favorable physicochemical properties in terms of
elastic modulus and conductivity, which result from strong
acid–base interactions that occur within the ion aggregate
domains between HfO2 and the sulfonic acid groups of host
polymer matrix.23,24 These interactions are due to the basic
nature of HfO2.
23,24 It was also shown that the performance of
proton-conducting membranes may be improved by blending
the proton-conducting ionomer with another polymer bearing
basic functionalities.25–27
Recently, it was reported that Nafion/[(M1mOn)?(M2xOy)z]
membranes show reduced water uptake and improved
mechanical properties and proton conductivity as compared
to pristine Nafion1 and [Nafion/(MxOy)n] membranes.
28,29 The
[(M1mOn)?(M2xOy)z] nanofiller is prepared by milling together
two oxides with different Mohs indices and acidity, which
results in a ‘‘core–shell’’ morphology. The nanoparticles
consist of a ‘‘core’’ of the harder oxide (M1mOn) covered by a
thin layer of the softer oxide (M2xOy).
28,29 A study of Nafion/
[(ZrO2)?(HfO2)0.25] and Nafion/[(SiO2)?(HfO2)0.28] membranes
revealed that the most favorable thermal, mechanical and
electrical properties and performance in single fuel cell are
obtained for the membranes containing the [(ZrO2)?(HfO2)0.25]
filler, which has a higher basic character than
[(SiO2)?(HfO2)0.28].
30,31 The Nafion/[(ZrO2)?(HfO2)0.25] materials
exhibited a lower water uptake than the Nafion/
[(ZrO2)?(SiO2)0.28] membranes and pristine Nafion due to the
basicity of the [(ZrO2)?(HfO2)0.25] filler.
30,31
This work aims to elucidate the effect of a nanofiller
containing ZrO2 and Ta2O5 oxoclusters on Nafion’s structure
and thermal, mechanical and electrical properties. This report
describes the synthesis and characterization of the new ‘‘core–
shell’’ nanofiller and the preparation of Nafion-based nano-
composite membranes. The new ZrO2 and Ta2O5-containing
nanofiller is prepared with the intent of combining the
improvements resulting from fillers with a ‘‘core–shell’’
morphology with the intrinsic characteristics of the individual
oxides that will allow it to maintain strong R–
SO3H…[(M1mOn)?(M2xOy)z]…HSO3–R interactions and reduce
the water uptake within the hybrid membranes. Of the group
IV and period VI oxoclusters previously investigated,22–24,28
ZrO2 and Ta2O5 were selected. The harder ZrO2 has proven to
be a suitable ‘‘core’’ to be potentially covered by a Ta2O5
‘‘shell’’.30 Ta2O5 has a lower Mohs hardness than ZrO2 and is
considerably more expensive, which makes Ta2O5 a good
‘‘shell’’ candidate. Furthermore, Ta2O5 is stable in the typical
operating conditions of a proton-conducting membrane
included in a PEMFC.32 The preparation of the nanofiller
based on ZrO2 and Ta2O5, indicated as ZrTa, is part of an effort
to produce a ‘‘chemical core–shell’’ nanofiller and subse-
quently elucidate the effect of its chemistry and surface
properties on the structure, properties and fuel cell perfor-
mance of the resulting hybrid inorganic–organic mem-
branes.30 In addition, the water uptake, the thermal and
structural properties will be examined. Finally, the perfor-
mance of the hybrid membrane with 12.8 wt% of nanofiller
will be tested in a single cell configuration at different reagent
back pressures and hydration degrees.
Results and discussion
[(ZrO2)?(Ta2O5)0.119] nanofiller
Zirconium oxoclusters, when combined with other metal
oxides, are particularly good at forming ‘‘core–shell’’ nano-
fillers.29,30 ZrO2 has a high Mohs hardness, which exceeds that
of most other oxoclusters. When ZrO2 is milled with other
metal oxides, it grinds the softer component into progressively
smaller particles. These smaller particles then coat the ZrO2.
The coating process of the ZrO2 nanoparticles by Ta2O5 takes
place owing to the formation of metal ion complexes partially
coordinated by oxygen atoms on the surface of the hard ZrO2-
based ‘‘cores’’ upon milling. As a result, the surface energy of
the ZrO2 nanoparticles is increased, and the surface metal ion
complexes are easily coordinated by the surface terminal
oxygen atoms of the ‘‘soft’’ Ta2O5 phase. This solid-state
reaction forms strong chemical bonds between ZrO2 ‘‘core’’
nanoparticles and Ta2O5 ‘‘shell’’ through oxygen bridges. As a
result, ZrO2 typically constitutes the ‘‘core’’ of the ‘‘core–shell’’
morphology. In ‘‘core–shell’’ nanofillers previously studied, a
ZrO2 ‘‘core’’ was covered by a ‘‘shell’’ of either SiO2 or
HfO2.
29,30 The TEM and ED results are shown for the ZrTa
nanofiller in Fig. 1.
The TEM results illustrate that the milling process sig-
nificantly reduces the diameter of the particles. The resultant
ZrTa nanofiller shown in the low and high magnification TEM
images is characterized by smooth, round, polydisperse
nanoparticles with diameters between 10 and 50 nm. These
images do not indicate the presence of two distinct phases and
EDX results (data not shown) did not show evidence of any
Fig. 1 (a) TEM image 60 0006, (b) TEM image 250 0006, and (c) ED pattern of
the ZrTa nanofiller. In part c, the circles indicate the following phases: t-ZrO2
(solid line), m-ZrO2 (dashed line) and m-Ta2O5 (dotted line).
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grains containing only Ta2O5. The formation of a ‘‘core–shell’’
structure where ZrO2 is the ‘‘core’’ and Ta2O5 is the ‘‘shell’’ is
supported by analysis of the ED pattern reported in Fig. 1(c). A
detailed analysis of the diffraction pattern, which is shown in
Table S1 (see ESI3), revealed the presence of three distinct
phases: monoclinic zirconia (m-ZrO2), tetragonal zirconia
(t-ZrO2), and monoclinic Ta2O5. The spatial distribution of
these phases was investigated by examining the EDX spectra of
different nanoparticles (see Fig. S1 of ESI3) in the high-
resolution TEM image. Both Zr and Ta were identified in each
EDX measurement, which indicates that in the final nano-
particles the ZrO2 and Ta2O5 components are in close contact.
The interplanar distances of the nanoparticle ‘‘core’’ is
consistent with ZrO2 phases, while the pattern revealed at
the outer edges of the nanoparticles can be attributed to
monoclinic Ta2O5 as shown in Fig. 2.
ZrO2 and Ta2O5 are never observed separately in distinct
nanoparticles. These results indicate that the ZrTa nanofiller is
characterized by a ‘‘core–shell’’ structure, where a ‘‘core’’ of
ZrO2 is covered by a thin ‘‘shell’’ of Ta2O5 and that there is a
strong interaction between the two components. Previous
studies have classified the ‘‘core–shell’’ nanofillers into two
classes, A and B, based on the interactions between the oxides
forming the ‘‘core’’ and the ‘‘shell’’ of the nanoparticles.30 In
A-type ‘‘core–shell’’ nanoparticles, the harder ‘‘core’’ is
chemically covered by a ‘‘shell’’ of a softer oxocluster. A
chemical-bonding interaction occurs between the ‘‘shell’’ and
the ‘‘core’’ oxides when the two components have compatible
crystal structures and chemical behavior. In the B-type ‘‘core–
shell’’ particles, there is a simple adhesion of the soft
component onto the surface of the harder ‘‘core’’. As a
consequence, the soft and hard phases are clearly distinguish-
able. This occurs when the two components have very different
and incompatible crystal structures.30,31 Therefore, the TEM
and ED results indicate that ZrTa is an A-type ‘‘core–shell’’
nanofiller. This morphology has already been observed in
other ZrO2-based ‘‘core–shell’’ nanoparticles such as
[(ZrO2)?(HfO2)0.25].
29,30
Water uptake and thermal analysis
Water uptake by the hybrid membranes was measured by
isothermal elimination at 30 and 120 uC by using the
isothermal mass elimination of the materials as shown in
eqn (1):23,33
W:U:~
wt tð Þ{wtdry
wtdry
(1)
where wt(t) and wtdry are the weight of the membrane at time t
and in dry conditions, respectively. The W.U. has been
reported as l, which is the number of moles of water per
equivalent of acid groups and is determined as in eqn (2):
l tð Þ~ W:U:
Q:MWH2O
 
(2)
where MWH2O is the molecular weight of water and Q is the
proton exchange capacity of hybrid membrane. The profiles of
l (moles of water per equivalent of acid groups) and W.U.
calculated with eqn (1) and (2) are shown in top part of Fig. 3
as a function of the nanofiller concentration Y.
The term lmax corresponds to the l value determined from
the wt% of water obtained from the W.U. measurements. The
water uptake of pristine Nafion is about 25 wt%, which is
consistent with the literature.33,34 The W.U. and lmax of hybrid
membranes is lower than pristine Nafion and depends on Y.
W.U. and lmax reach a minimum at Y = 0.542 and then very
slowly increases with increasing nanofiller concentration. The
dependence of W.U. onY suggests that as the concentration of
the filler initially increases the density of interactions between
the Nafion matrix and the nanofiller increases. These
interactions can be considered dynamic nanofiller-Nafion
cross-links with the form R–SO3H…[ZrTa]…HSO3–R. An
increased interaction between the matrix and the filler results
in an effect that is similar to chemical cross-linking and
improves the membrane ability to resist swelling, which
reduces the amount of water absorbed by the membranes.
Above Y = 0.542, W.U. and lmax do not change significantly
suggesting that further increases in the nanofiller concentra-
tion do not continue to improve the membrane resistance to
swelling and therefore the W.U. The residual water (lRC = l(t =
60 min, RT) 2 l(T = 120 uC and t = 120 min)) is reported in
bottom part of Fig. 3. lRC is between 0.2 and 1.1 and slightly
Fig. 2 Spatial distribution of the phases constituting the [(ZrO2)?(Ta2O5)0.119]
filler nanoparticles.
Fig. 3 Dependence of lRC and residual water (bottom) and W.U. and lmax (top)
on Y. lRC = l(t = 60 min, RT) 2 l(T = 120 uC and t = 120 min). The dashed lines
are a guide for the eye.
18962 | RSC Adv., 2013, 3, 18960–18969 This journal is  The Royal Society of Chemistry 2013
Paper RSC Advances
increases with the nanofiller concentration, which is reason-
able given the hygroscopic character of ZrTa. This result is
important because it indicates that the presence of the
inorganic nanofiller increases the adsorption of water mole-
cules, which are likely located at the Nafion–nanofiller
interface. The thermal stability of the composite membranes
was studied with thermogravimetric analysis.
The TG profiles shown in Fig. 4 reveal that the hybrid
membranes are thermally stable up to ca. 160 uC. There are
four thermal decompositions. Between 30 and 130 uC, the
mass elimination corresponds to traces of water (less than 4
wt%). The mass elimination between 130 and 250 uC, which is
evident in the derivative of the wt% shown in Fig. 4 inset a, is
associated with the degradation of –SO3H groups and is in
agreement with previous studies.28–30,35 The filler has a slight
stabilizing effect on the –SO3H groups in the composite
membranes as compared to pristine Nafion. The weight loss
observed between 300 and 380 uC (Fig. 4 inset b) is associated
with the thermal degradation of the polyether side
chains.23,24,28–30,35 In contrast to the filler’s stabilizing effect
on the –SO3H groups, ZrTa tends to decrease the thermal
stability of the polyether side groups likely due to the catalytic
effect of the transition metal oxides.30 The fourth mass
elimination, detected between 400–500 uC range, is due to
the decomposition of the fluorocarbon chains of the polymer
matrix.22–24,28–30,35 The thermal stability of the PTFE chains in
the presence of ZrTa is higher than in pristine Nafion. Above
600 uC, the mass residue is related to the amount of the
inorganic moiety present in bulk membranes. The trend in the
wt% remaining above 600 uC is in agreement with the
concentration of ZrTa reported in Table 1.
Vibrational spectroscopy
The compositional asymmetry of the materials is investigated
by examining the FT-IR ATR spectra of both sides of the hybrid
membrane. Side A is the top of the film after the casting
procedure and side B is the bottom side of the membrane.
These spectra are shown in Fig. 5.
At the lowest concentration of ZrTa (Y = 0.316) there is little
difference in the general peak positions and band intensities.
At this concentration, while the filler has a clear effect on the
thermal and mechanical properties of the membrane, the
concentration of ZrTa is still small enough that its vibrational
bands are not visible in the spectrum. However, the interaction
of the filler with the Nafion matrix can be detected and is
discussed later. As the concentration of the ZrTa nanofiller
increases, changes in the vibrational spectra due to the
presence of the filler are evident below ca. 1150 cm21. A
Fig. 4 TG measurements of the [Nafion/(ZrTa)Y] membranes. The insets show
the derivative wt% TG profiles in the temperature regions: (a) 30–270 uC; and
(b) 300–380 uC.
Table 1 Reagent composition and molar ratios for [Nafion/(ZrTa)Y] membranes
Reagents Molar ratios
ZrO2/g Ta2O5/g Nafion/g wt%
a YZrO2
b YTa2O5
c Yd Qe/meq g21
— — 0.45 0 0.000 0.000 0.000 0.9
0.0141 0.0060 0.45 4.3 0.283 0.034 0.316 0.8705
0.0242 0.0103 0.45 7.1 0.485 0.058 0.542 0.85087
0.0465 0.0198 0.45 12.8 0.932 0.111 1.042 0.81139
0.0587 0.0251 0.45 15.7 1.176 0.140 1.316 0.79168
0.0718 0.0307 0.45 18.6 1.439 0.172 1.610 0.77199
0.0859 0.0367 0.45 21.4 1.721 0.205 1.926 0.75226
a wt% = (mZrO2 + mTa2O5)/mcomposite.
b YZrO2 = molZrO2/mol–SO3H.c YTa2O5 = molTa2O5/mol–SO3H.
d Y = (molZrO2 + molTa2O5)/mol–SO3H.
e Q
= (meqNafion + meqZrO2 + meqTa2O5)/mcomposite.
Fig. 5 Vibrational spectra of side A and B of the [Nafion/(ZrTa)Y] membranes. A
is the top surface of the membrane after solvent casting process, while B is the
bottom side. The side B spectra are offset vertically for clarity.
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comparison of the spectra of the ZrO2 and Ta2O5 oxoclusters
and the side B spectra shows that the presence of new bands in
this region is associated with the filler. For Y above 1.042,
there is little change in the side B spectra (the two
intermediate spectra are not shown). At all concentrations,
the side A spectra more closely resemble those of pristine
Nafion than the side B spectra, which is not unexpected given
that a higher concentration of the filler was clearly visible in
the bottom side of the membrane, i.e. the bottom of the
membranes appeared to have a matte-like finish while the top
of the membranes was glossy. Interactions occurring between
Nafion side groups and the ZrTa nanofiller are investigated by
comparing the acid spectral region of the nanocomposite
membranes with that of dry, l = 3 and Na+-neutralized Nafion,
in Fig. 6.
The peak centered at 1470 cm21, which is present in dry
Nafion but is absent in the l = 3 (where the proton is
dissociated due to the presence of water molecules solvating
the sulfonic acid groups) and Na+-neutralized Nafion spectra,
is assigned here to the OH bending mode, d(OH), of the –SO3H
moiety. This peak is typically not reported in the literature and
is generally only seen in very dry conditions due to the
dissociation of the acidic proton in the presence of even small
amounts of water (l . 1). The presence of the d(OH) band
indicates that the nanofiller does not neutralize all of the R–
SO3H side groups and any residual water present in the
membranes does not cause the dissociation of the sulfonic
acid protons. In pristine dry Nafion, this band is reasonably
symmetrical and there seems to be low intensity contributions
at 1440 and 1420 cm21. The high frequency contribution (1470
cm21) is likely from R–SO3H side groups that are strongly
interacting with other R–SO3H side groups or any small
amount of residual water (l , 1) within the system. As the
degree of interaction between the R–SO3H side groups with the
environment decreases, the OH bending mode shifts to lower
frequency due to a decrease in the vibrational force constant
associated with the bending motion that accounts for the low
intensities seen between the band center and 1420 cm21.
Vibrational modes associated with bending motions respond
differently than stretching motions to interactions such as
hydrogen bonding with adjacent molecules in the environ-
ment. It is well known that the stretching mode of X–Hn
groups, where X is a highly electronegative atom, shifts to
lower frequencies when there is an increased interaction with
the environment, e.g. an increase in hydrogen bonding
through the H atom. However, it has also been shown that
the bending modes of such groups experience a shift to higher
frequency in these conditions.36 Therefore, it is expected that
the OH bending mode of the sulfonic acid group shifts to
higher frequency upon an increase in its interaction with the
surrounding environment (other sulfonic acid groups, residual
water, fillers, etc.). In the side A spectra of the hybrid
membranes (the Nafion-rich side), the band at 1470 cm21 is
not symmetric but has a low frequency tail that slowly
decreases in intensity with increasing ZrTa concentration.
The spectra of side B of the hybrid membranes should be more
representative of the interaction of the R–SO3H moieties with
the filler, particularly at the highest concentrations of filler. At
the highest filler concentration the peak frequency is slightly
lower (1461 cm21) than in the pristine Nafion. According to
the interpretation of the spectrum of pristine Nafion, it would
seem that the shift of the OH bending peak to lower
frequencies in the [Nafion/(ZrTa)Y] membranes suggests that
there is a weaker interaction of the sulfonate group with the
environment. However, this interpretation is in disagreement
with the increased stability of the sulfonic acid group
determined by TG analysis which indicates a stronger
interaction with the environment. The TG and IR data together
can be explained if the sulfonic acid group acts as a ligand and
coordinates with the ZrTa nanofiller via the sulfonic oxygen
atoms. This interaction would result in the RSO3H… [ZrTa]
cross-links that lead to the improved stability of the sulfonic
acid groups. Coordination in such a geometry could result in
improved membrane properties such as the mechanical
modulus but could also result in a decreased bending
vibration frequency as is seen in these membranes. In
addition, it is also likely that the filler reduces the probability
of solvation of the sulfonic acid OH moieties by any of the
residual water in the membrane, which is probably absorbed
elsewhere on the surface of the ZrTa nanofiller. Detection of
this type of coordination interaction via the other sulfonic acid
modes is very difficult in the [Nafion/(ZrTa)Y] membranes
because these modes are superimposed with those of the PTFE
domains of Nafion in the frequency range 1300–1000 cm21.37
Fig. 6 FT-IR ATR absorption spectra of: (top) dry, l = 3 and Na+-neutralized
Nafion; (bottom) [Nafion/(ZrTa)Y] membranes (spectra are offset vertically for
clarity).
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Fuel cell tests
The [Nafion/(ZrTa)Y] membrane with Y = 1.042 was used to
fabricate a MEA which was tested in a single-cell configura-
tion. Fig. 7 reports the polarization and power curves of the
MEAs as a function of the activity of the water vapor (aH2O) in
the reagent streams at a back pressure of 1 bar and using pure
oxygen as the oxidant.
The overall performance of both MEAs significantly
increases with increasing aH2O. This is consistent with the
results previously reported for other hybrid inorganic–organic
membranes based on Nafion.30,31 Similar trends are observed
when the oxidant is air. In general, the polarization curves of
the MEA containing the hybrid membrane have a higher cell
potential difference at a given current density than the
polarization curves of the MEA mounting Nafion (Fig. 8 and
Fig. 9).
However, if the oxidant is air and the hydration degree is
high (aH2O ¢ 0.75), the polarization curves of the hybrid
membrane are improved over those of Nafion only at current
densities lower than ca. 0.5 A cm22. This evidence suggests
that the cathode electrode of the MEA fabricated with the
hybrid membrane suffers from more severe limitations due to
mass transport, probably due to water flooding of the active
sites at current densities larger than ca. 0.5 A cm22. One way to
gauge the performance of different MEAs is to compare the
maximum of the power density yielded by the system. This
approach is particularly appropriate when the MEAs have the
same electrodes, formulation of the electrocatalytic layers,
membrane thickness, use the same assembly procedure and
differ only in the proton-conducting material.30,31 An explana-
tion of the fundamentals that justify the validity of this
approach has been reported elsewhere.30 The main discrimi-
nating factor in the maximum of power density is the proton
Fig. 7 Polarization and power curves illustrating the single fuel cell performance
of the MEAs. The oxidant is pure oxygen, and the back pressure is 1 bar. The
membrane thickness is ca. 110 and 140 mm for Nafion and [Nafion/(ZrTa)Y],
respectively. The data are not corrected for IR losses.
Fig. 8 Polarization curves of Nafion and the [Nafion/(ZrTa)Y] membrane at low
and high degrees of hydration and using either air or pure oxygen as the
oxidant. Back pressure of the reagents = 1 bar. The membrane thickness is ca.
110 and 140 mm for Nafion and [Nafion/(ZrTa)Y], respectively. The data are not
corrected for IR losses.
Fig. 9 Polarization curves of Nafion and the [Nafion/(ZrTa)Y] membrane at low
and high degrees of hydration and using either air or pure oxygen as the
oxidant. Back pressure of the reagents = 4 bar. The membrane thickness is ca.
110 and 140 mm for Nafion and [Nafion/(ZrTa)Y], respectively. The data are not
corrected for IR losses.
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conductivity of the PEM used in the MEAs.30 Fig. 10 shows the
maximum power density as a function of aH2O.
It is observed that the reagent back pressure significantly
influences the trends in the maximum power density as a
function of aH2O. At a back pressure of 1 bar, the maximum
power density curves increase over the whole aH2O range, but at
a back pressure of 4 bar, a plateau is reached at aH2O . 0.25.
These trends are observed for both the hybrid membrane and
Nafion. This evidence implies that both PEMs are better able
to absorb the available water at the higher back pressure,
which improves the proton conductivity and in turn increases
the maximum power density values yielded by the MEAs. At a
back pressure of 1 bar, the membranes are completely filled
with water only at high aH2O, while at a back pressure of 4 bar
the membranes are essentially full of water at aH2O . 0.25. It
should be noted that the ‘‘available water’’ includes both the
water provided by the reagent streams and the water produced
at the cathode of the MEA during fuel cell operation. Fig. 10
also highlights that at a back pressure of 4 bar and at aH2O =
0.05 the hybrid membrane is able to yield an appreciable
power density, which is markedly higher than that of Nafion.
This evidence suggests that the hybrid membrane is better
able to absorb water in comparison with Nafion. The water
produced during fuel cell operation is enough to give the
hybrid membrane a sufficient conductivity to yield a non-
negligible power density. At a back pressure of 1 bar, the
maximum power density curves of the hybrid membrane are
better than those of Nafion when both air and pure O2 are
used as the oxidant. However, the improvement is more
pronounced with O2. At a back pressure of 4 bar with O2 as the
oxidant, the maximum power density curve of the hybrid
membrane is higher than that of Nafion. The reverse is true if
air is used as the oxidant when aH2O ¢ 0.13. To interpret this
evidence, it should be noted that the maximum of the power
density curves is typically found at a cell potential difference of
ca. 0.2–0.4 V, depending on aH2O, which corresponds to current
densities larger than 0.5 A cm22. In these conditions and using
air as the oxidant, the water mass transport issues at the
cathode electrode discussed above become important, espe-
cially at a back pressure of 4 bar. The result is a drop in the
polarization curve of the hybrid membrane below that of
Nafion, which leads to lower maximum power density values.
As discussed above, the fuel cell performance of the MEA
containing the hybrid membrane is improved over that of the
MEA with Nafion due to a higher proton conductivity of the
[Nafion/(ZrTa)Y] PEM. This result is consistent with the
conductivity data determined on these membranes from ‘‘ex
situ’’ techniques reported elsewhere.38 At T = 80 uC, RH = 100%
the conductivity of [Nafion/(ZrTa)Y] measured in a sealed cell
is equal to 65 mS cm21; in the same conditions, pristine recast
Nafion shows a conductivity of 39 mS cm21.38 These values are
comparable with results found in the literature on similar
Nafion-based hybrid inorganic–organic membranes, tested
under similar conditions. As an example, Pereira reports that
at T = 80 uC and at RH = 98%, Nafion112TM and a hybrid
Nafion–silica membrane are characterized by a conductivity of
ca. 15 and 25 mS cm21, respectively.39 The hybrid membrane
is also better able to absorb the available water, which leads to
significantly better performance at low hydration degrees
because the membrane maintains sufficient proton conduc-
tivity. However, the [Nafion/(ZrTa)Y] membrane is also less
capable of removing excess water, e.g., at high back pressure,
high aH2O and high current density values where a significant
amount of water is produced by fuel cell operation. In these
conditions, and when air is the oxidant, the cathode electrode
may undergo flooding, thus leading to a decrease in fuel cell
performance. When pure O2 is used as the oxidant, the
transport of oxygen to the active sites is easier and a decrease
in fuel cell performance is not observed. The fuel cell behavior
of the [Nafion/(ZrTa)Y] PEMs may be interpreted by consider-
ing that: a) the high water retention ability of the hybrid
membrane, as indicated by lRC, results from the water
interacting chemically with the nanofiller, e.g. through the
solvation of the R–SO3H…[ZrTa]…HSO3–R bridges; and b) the
‘‘core–shell’’ ZrTa nanofiller forms percolation pathways in the
bulk membrane and acts to reduce the water uptake and
consequently the amount of free volume in the hydrophobic
domains. These phenomena are responsible for the reduced
ability of the hybrid membranes to remove excess water
produced at the cathode electrode by back migration to the
anodic side during single cell operation with respect to
pristine recast Nafion.
Experimental section
Reagents
Nafion1 with a proton exchange capacity of 0.90 meq g21 (5
wt% perfluorosulfonic acid PTFE copolymer solution, Alfa
Fig. 10 Dependence of the maxima of power curves on aH2O for Nafion and
[Nafion/(ZrTa)Y]. The back pressure was either 4 or 1 bar. The oxidant was either
air or oxygen. The lines are a guide for the eye. The membrane thickness is ca.
110 and 140 mm for Nafion and [Nafion/(ZrTa)Y], respectively. The data are not
corrected for IR losses.
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Aesar, ACS grade) and MxOy nanometric oxoclusters (Aldrich,
ACS grade), where M is either Zr or Ta, were used as received.
ZrO2 had an average particle size less than 100 nm, a density of
5.89 g mL21 and is generally characterized by a Mohs hardness
of 8.5. Ta2O5 had an average particle size less than 5 mm, a
density of 8.20 g mL21 and is generally characterized by a
Mohs hardness of 7. Solvents were purchased from Aldrich
and used as received. The C2-20 electrocatalyst (BASF) with a
platinum content of 20 wt% was used as received in the
preparation of all of the membrane-electrode assemblies
(MEA). Double-distilled water was used in all procedures.
Nanofiller preparation
A 12 mL dimethylformamide (DMF) suspension containing 1.5
g of ZrO2 (70 wt%) and 0.643 g of Ta2O5 (30 wt%) was milled
for 5 h at 500 rpm in a tungsten carbide grinding jar using a
planetary ball mill (RETSCH PM 100). The mixture was
transferred into a 100 mL volumetric flask, diluted with
DMF and treated in an ultrasonic bath for 1 h. The resulting
suspension (A) contained [(ZrO2)?(Ta2O5)0.119] nanoparticles
(ZrTa) where the molar ratio between Ta2O5 and ZrO2 was
0.119.
Membrane preparation
Nanocomposite membranes, where Y = (molZrO2 + molTa2O5)/
mol–SO3H, were prepared using a general solvent casting
procedure. Nafion (0.45 g) suspended in a water/alcohol
mixture was cast in a beaker and heated at 80 uC for 40 min
to remove the low-boiling solvents. The resulting brittle film
was dissolved in DMF and mixed with an appropriate amount
of nanofiller suspension A.28,29 The mixture was homogenized
in an ultrasonic bath for 2 h and was then recast on a Petri
dish at 100 uC for 10 h under a hot air stream. The resulting
membranes were dislodged from the Petri dish by a treatment
with double-distilled water at ca. 60 uC for 30 min. The
membrane was then dried under air at room temperature for 1
h, placed in oven at 130 uC for 4 h and hot-pressed at 100 uC
and 68 bar for 5 min. The thickness of the films was between
200 and 280 mm. The composition and molar ratios of the
[Nafion/(ZrTa)Y] membranes are summarized in Table 1.
Membrane purification and activation
The hybrid membranes were purified and activated by a series
of treatments at 80 uC as described elsewhere.22,28 Each
membrane was soaked in double-distilled water, a 3 wt%
solution of H2O2, a 1 M H2SO4 solution, and three times in
double-distilled water for 1 h. After this treatment, the films
were hydrated in an autoclave at 100% relative humidity, 135
uC and 3.3 bar. This hydrated state was considered the
‘‘reference zero point’’ (RZP) of the membranes thermal
history. The membranes were stored in PET bags filled with
double-distilled water at room temperature.
Instruments and methods
The morphology of the nanofiller was examined by transmis-
sion electron microscopy (TEM) and electron diffraction (ED)
performed using a Jeol 3010 instrument operated at 300 kV
with a high-resolution pole piece (0.17 nm point-to-point
resolution) and equipped with a Gatan slow-scan 794 CCD
camera. Energy-dispersive X-ray spectroscopy (EDX) was
carried out using an Oxford Instrument EDS detector (Mod.
6636). The sample powders were suspended in isopropanol
and a 5 mL drop of this suspension was deposited on a holey
carbon film supported on 3 mm copper grid for TEM
investigation. Thermogravimetric analyses were performed
with a high resolution TGA 2950 (TA Instruments) thermo-
balance using a working N2 flux of 100 mL min
21. The TG
profiles were collected in the temperature range between 20
and 800 uC. Approximately 7 mg of material was analyzed in an
open platinum pan. Samples were dried at room temperature
for 60 min prior to measurement. FT-IR ATR spectra were
collected at a resolution of 4 cm21 by averaging 1000 scans
with a Nicolet FT-IR Nexus spectrometer equipped with a
Perkin-Elmer Frustrated Multiple Internal Reflection accessory
186-0174. The membranes were dried under air for 60 min
prior to measurement collection. The samples for the spectra
of dry, l = 3 and Na+ form of Nafion were prepared as
follows.28 The ‘‘dry’’ sample was dried at 90 uC under vacuum
for 24 h. The ‘‘l = 3’’ sample was dried under a dry air flux
overnight. The ‘‘Na+ form’’ of Nafion was prepared via ion
exchange in a 1 M NaOH solution at 80 uC and then dried at 90
uC under vacuum for 24 h. W.U. measurements of the
nanocomposite films in RZP conditions were conducted in
isothermal conditions, heating the samples at 30 uC for 90 min
and then at 120 uC for 50 min.
Fabrication of membrane-electrode assemblies
Pristine recast Nafion and [Nafion/(ZrTa)Y], where Y = 1.042,
membranes were prepared using half of the masses reported
in Table 1 and resulted in membranes with a thickness of ca.
110 and 140 mm, respectively. Both membranes were used to
fabricate membrane-electrode assemblies (MEAs). The MEAs
were prepared with a catalyst-coated substrate procedure as
described elsewhere.40 The platinum loading in the anodic
and the cathodic electrocatalytic layers was 0.4 mg cm22 and
the Nafion–C ratio was 0.3. The electrocatalytic layers were
deposited on GDS1120 carbon paper (Ballard Material
Products). The resulting gas diffusion electrodes (GDEs) were
hot-pressed onto the membranes as previously described.40
Tests in a single-cell configuration
Single fuel cell tests were carried out using a 5 cm2 single cell
with a two-channel serpentine flow field for both the anodic
and the cathodic sides. Pure hydrogen was used as the fuel
and pure oxygen and air were used as the oxidants. The
hydrogen flow rate was 800 mL min21. The oxygen and air flow
rates were set at 500 and 1700 mL min21, respectively. The
temperature of the cell and reagent streams was maintained at
85 uC. Polarization curves were collected where both reagent
streams had water vapour activities of 1, 0.75, 0.5, 0.25, 0.125
and 0.05 at back pressures of 4 and 1 bar on each electrode.
The polarization curves were not corrected for internal
resistance losses.30,31
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Conclusions
This report describes the synthesis of hybrid inorganic–
organic proton conducting membranes containing the ZrTa
nanofiller. The ZrTa filler exhibited a ‘‘core–shell’’ morphol-
ogy, where the harder ZrO2 forms the ‘‘core’’ and is covered by
a ‘‘shell’’ of the softer Ta2O5. The TEM and ED results indicate
that all the sampled particles exhibit a similar morphology and
that there are no particles containing only Ta2O5. It is not
possible to distinguish two separated phases, which would
indicate that ZrTa is a Type A ‘‘core–shell’’ nanofiller where
there is a chemical interaction between the two oxides. The
Ta2O5 content is higher in the ‘‘shell’’, while the ‘‘core’’ is
based on ZrO2. The vibrational spectroscopy results indicate
that the nanofiller does not neutralize all of the R–SO3H
groups in the hybrid membrane and the small amounts of
water remaining in the material do not cause the dissociation
of all R–SO3H protons. This result suggests that interaction
between the ZrTa filler is not a Brønsted–Lowry acid–base type
interaction, but may instead form a coordinative interaction
where the sulfonate group acts as a ligand. Strong ‘‘dynamic’’
interactions are formed between the sulfonic acid and the
filler which results in an increased stability of the acid group,
but the shift of the d(OH) acid band to lower frequency
indicates a decreased interaction between the proton and
neighboring groups that implies a decreased vibrational force
constant. Taken together, these data support the idea that the
interaction between the side group and the filler occurs
through the oxygen atoms of the sulfonate groups. The water
uptake values of the hybrid materials were lower than that of
pristine Nafion and were dependent on the concentration of
nanofiller. The residual water content was approximately 4%
and slightly increased with filler concentration. This water can
be considered interfacial water located at the interfaces
between the Nafion host polymer and ZrTa nanofiller. The
hybrid materials are thermally stable up to 170 uC. Interactions
between the Nafion host polymer and the nanofiller increase
the thermal stability of the –SO3H groups and the fluorocar-
bon backbone, but decrease the stability of the perfluoroether
side chains. Single fuel cell tests reveal that the maximum
power density of the MEA assembled with the [Nafion/(ZrTa)Y]
membrane is higher than that of the MEA containing Nafion,
particularly at low values of aH2O. The improved maximum
power density is consistent with higher proton conductivity in
the hybrid membrane than in Nafion. The hybrid membranes
require less water to conduct protons effectively and are more
efficient at retaining water than Nafion at low aH2O in the
reagents streams.
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